Experiments for total of 11 specimens are carried out to observe the behavior of elasto-plastic out-of-plane buckling of the arch structures with open cross section which are subjected to uniform vertical load. The effects of several factors on ultimate strength are investigated, that is, slenderness ratios of arch rib, load directions, types of bracing system and braced length ratios. The experimental results are compared with the theoretical ones. In general, the theoretical predictions show good correspondence with the experimental results in ultimate strength and buckling modes and so on. Validity and efficiency of the theoretical procedure are confirmed.
INTRODUCTION
Several studies have been reported on the ultimate load-carrying capacities of arch structures which fail by inelastic lateral instability, theoretically1)-7) and experimentally8). But the inelastic lateral buckling strength of arch structures with open cross section which are subjected to uniform vertical load has not been clarified sufficiently. One of the reasons for this is the difficulty to analyze the inelastic torsional behavior of the member with an open profile section.
The purposes of this experimental investigation are to provide the fundamental data concerning the inelastic lateral instability of steel arches with open cross section, and to examine the validity of the theoretical study presented previously by the writers9) . Since the ultimate strength of the arch structure may be affected by the residual stress, initial lateral crookedness, the slenderness ratio of the arch rib, the load direction, the arch configuration, the type of the bracing system, the braced length ratio and so on, effects of these factors are discussed herein. The experimental results of specimens are compared with the behaviors predicted by the theoretical computations. The observed ultimate strength are also compared with the predictions obtained from the formula proposed by the writers in Ref. 7) for the ultimate strength of arch structures with closed cross section.
EXPERIMENTAL PROGRAM
(1) Design of the model arch Nominal dimensions of the model arch are determined according to the following conditions 1) The model arch is a parabolic or circular one with two-hinged end conditions, and its structural parameters are similar in proportion to those of existing actual bridges.
2) The slenderness ratio of the arch rib is determined so that the arch fails owing to an overall instability in the elasto-plastic range.
3) The cross section of the arch rib is a welded H-section and its size is large enough to be able to measure accurately the residual stress distribution.
4) The component plates of the cross section should not fail owing to a local buckling prior to the overall instability of the arch.
5) The vertical maximum load must be less than the maximum capacity of an available hydraulic jack, which is 30 tons by itself and 60 tons by using a lever beam.
The nominal dimensions of the model arches are shown in Table 1 and Fig. 1 , where the radius R and the central angle of the arch are defined only for the circular arch. (2) Lateral bracing members for twin arches The lateral deformation of the arch is characterized by the interaction between the lateral deflection and the torsional deformation. So, three types of bracing systems, shown in Fig. 2 , are designed for specimens Dimensions of the bracing member of type P are decided so that it can enhance the torsional rigidity of the arch rib, that is, the ratio of the flexural rigidity of the transverse beam, EIb, to the torsional rigidity of the single arch rib, GI, is nearly 40. In the case of type L, the ratio of the flexural rigidity of the transverse beam, EIb, to the flexural rigidity of the single arch rib about lateral bending Em, is approximately 1. In the case of type X, the slenderness ratio of the diagonal member is determined to be small enough to avoid its premature buckling prior to the overall failure of the arch. Dimensions of the bracing members are shown in Fig, 2 . The arrangement and numbers of the bracing members used are shown in Fig. 3 .
(3) Notation of the model The names of the specimens are summarized in Table 2 . The letters in the notations, for example P-296-L7-V, refer to the configuration (P: parabolic, C: circular), the slenderness ratio of the single arch rib, the type and the number of bracing members and the load direction (V: vertical, T: tilting), in this order. Each specimen is planned to test according to the following intentions
The slenderness ratios of the single arch models are varied as 198, 156 and 115 to examine the effect on the ultimate strength, and specimens No. 4, No. 6 and No. 11 are prepared to examine the effect of the loading direction (tilting load shown in Fig, 5 ) on the ultimate strength. The effect of the configuration of arch rib is studied by specimens No. 1 and No. 2. The influence of the bracing system on the ultimate strength of twin arch models are studied by specimens No. 7-No. 11. The specimens No. 7 and No. 8 are to observe the effect of the flexural rigidity of transverse beam about the x-axis and y-axis, (axes are shown in Fig. 1 ). The braced length ratio B is defined as the ratio of the arch rib length braced with lateral members to the total arch rib length. The B values of specimens No. 9 and No. 10 are varied as 0.75 and 0.50, respectively, in order to observe the effect of the braced length ratio B on the ultimate strength of twin arch models.
(4 ) Preliminary tests
The average values of standard tensile coupon tests are shown in Table 3 . The measured values are used for evaluating the model test data. Fig. 4 shows the residual stress distributions obtained from the measured values (by solid lines) and those (by broken lines) modified so as to satisfy the self-equilibrium conditions as well as doubly symmetric conditions. The initial lateral crookedness for each specimen is carefully measured after setting the specimen on the test frame. The ratio of the maximum value to the arch span and the shape of the initial lateral crookedness for each specimen are summarized in Table 4 .
(5) Application of load The uniformly distributed vertical load is idealized by a group of eight concentrated loads as shown in Fig. 5 and 6 . The beams installed in the loading apparatus are connected mutually with hinges so as to be free for rotation about both in-plane and out-of-plane directions.
Specimens of which names end with the letter T were tested under the tilting load condition shown in Fig. 6 (b) . For these specimens, the lateral displacement of the loading beam is restrained, as shown in Fig. 7 , to simulate the actual hanger load in a through-type bridge. Rest of specimens are tested under the vertical load ( Fig. 6 (a) ) which means the case with a flexible deck in actual through-type bridges. The magnitude of the individual concentrated load is checked by wire strain gages mounted on the individual hanger. (6) Measurements of strains and displacements Table 4 Initial Lateral Crookedness In order to obtain the distribution of the plastic zone and the distribution of strains and stresses over the cross section of the arch rib, sixteen wire strain gages are mounted for single arch specimens at each of five sections, and in the case of twin arches, six wire strain gages for each cross section of which measured values are desired. The lateral and vertical deflections and rotational angle of cross section are measured by a pair of displacement transducers which are located at seven points dividing the arch length into eight equal parts for single arch, and for twin arch specimens two points are added at L/16 and 15 L/16 points because the large lateral deflections are expected at the unbraced portion.
( 7 ) Test procedures At the beginning of each test, the speciment is loaded incrementally to 4 tons in order to confirm the balance of load distribution by the measured strain of hangers, then the load is increased incrementally. In the inelastic range, the incremental load is changed according to the increasing rate of the displacement and all measurements are done after the specimen becomes in equilibrium with the applied load. When the lateral displacement increases excessively without further incremental load, the experiment is finished. Actually, at the maximum load, the specimen is very unstable and out of control under the load by the hydraulic jack. The maximum load for the specimen is defined by the sum of the total applied load and the total weight of the loading beams.
TEST RESULTS (1)
Theoretical estimation of the ultimate strength of the model arch The descriptions for the theory used herein for the numerical analysis of the model arches are available in Ref. 9 ). The computation techniques adopted for the analysis of these model arches are as follows: 1) Since the theory is based on the finite element method, each arch rib is divided longitudinally into 16 member elements for the single arch specimens, 12 member elements for the twin arch specimens having X type bracing system with braced length ratio 0. 50 and 10 member elements for the rest of twin arch specimens, respectively. Each bracing member is treated as one element.
2) In order to trace the growth of the plastic zone, the cross section of the arch rib is also divided into 3) The initial Z-coordinate of each nodal point is given so as to be equal to the measured value of initial lateral deflection at the point.
4) The vertical loads are applied to nodes of the arch rib as equivalent nodal forces, and the tilting loads are applied through the hangers restrained laterally at their lower ends.
5) The theoretical maximum load is defined as the average of the last load in equilibrium and the subsequent load at which any corresponding displacement can be no longer found in the incremental approach. The incremental load at the ultimate stage is controlled to be 1 %-3 % of the theoretical maximum load. (2) Ultimate strength The experimental maximum loads are listed in Table 5 in comparison with the theoretical ones. In this table, Pu denotes the maximum vertical load and Nu is the ultimate axial force at the springings calculated for the distributed load by a linear theory. The ultimate load carrying capacity is defined by the non-dimensionalized average normal stress au/ ay= Nu/Aoy, in which A denotes the cross-sectional area of the arch rib; ou is the ultimate average normal stress and oy is the yield stress.
In general, the theoretical predictions show fairly good correspondence with the experimental results with exceptions of the specimens No. 6, No. 10, No. 11. In specimen No. 6 the theoretical prediction is 93s 18 % greater, while in specimens No. 10, No. ll the predictions are 20 %. 15 % less than the experimental values, respectively. Though the cause of the difference between observed and computed values of the ultimate strength in specimen No. 6 can not be found, those in specimens No. 10 and No. 11 can be found in Fig. 9 , which shows the lateral deformation mode at unbraced portion of the specimen No. 11. From this figure one can realize that the large lateral curvature of the arch rib is produced at first hanger location. This is suspected to be caused by the restraint given by the upper part of the loading apparatus under the excessive lateral deformation of the arch ribs. As the result, the experimental ultimate strength of these two specimens have shown large values in comparison with computed ones.
The effect of arch configuration According to the parametric study for effect of arch configuration and its rise to span ratio (f11), which are not shown in this paper on account of space consideration, the effect of the arch configuration on the ultimate strength is not appreciable for the arch of which rise to span ratio f /1<0.2, but is appreciable for the arch of which rise to span ratio f/1>0.3, because of the difference of the in-plane bending moment between the circular arch and parabolic arch.
As for the experimental results, however, the ultimate strength of the circular arch (specimen No. 1) is 10 % greater than the parabolic arch (specimen No. 2). In consideration of the results of parametric study mentioned above, and theoretical results of specimens No. I and No. 2, it might be thought that the difference in experimental results is not caused by the effect of arch configuration but by some other reason (4) Buckling mode of the arch rib The buckling modes of the specimens are shown in Fig. 10 , where the maximum lateral displacement is shown by unit length. In this figure, the solid line and broken line represent the modes obtained from experiment and from computation, respectively. As shown in Fig. 10 , the correspondence between measured and computed values is fairly good. It is also shown that the theoretical values can follow the asymmetric shape of the measured lateral deflection caused by the asymmetric initial deflection.
In the case of the single arch specimen, the mode of lateral deflection is similar to the buckling mode of the clamped-clamped column, but the torsional deformations of arch rib at the portion near the both ends show the opposite sign to that observed at the arch crown as shown in Fig. 10 (a) 10) . In the case of the specimen of twin arches having the bracing system, the lateral buckling modes are classified into two groups. That is, cases No. 7 and 8 show a similar mode to that of the single arch specimen, and cases No. 9, 10 and 11 show another type of mode where most of the lateral deformations are produced at the unbraced portion.
Effect of the load direction Experimental results for the relationship between the load and lateral deflection at the crown of single arch rib are shown in Fig. 11 . It can be seen from this figure that the ultimate strength of the arch subjected to the tilting hanger load is quite large comparing with the case of the vertical load. The reason is that a tilting hanger produces a restoring lateral force which has stabilizing effect on lateral buckling of the arch as shown in the inset of Fig. 11 .
As is clear from what mentioned above, the effect of load direction is also very significant for the lateral buckling strength of arch bridges and the effect depends on the degree of lateral restraint of the loading beam in experiment, while for actual arch bridges of through-type it depends on the lateral flexural rigidity of the floor girder system7). (6) Effect of the type of bracing system Since the St. Venant torsional rigidity of thin-walled member with open cross section is much smaller than that of a member with closed cross section, there was a possibility that the contribution rate of the bracing system type-P which mainly resists torsion of the arch rib might come close or superior to that of the bracing system type-L for the arch model with open profile ribs. In order to examine the effect of bracing system on increase in ultimate strength, the experimental results of specimen No. 7 (bracing type P 7) and No. 8 (bracing type L 7) are compared with the theoretical result of single arch whose cross section is the one of twin arch ribs. The load versus lateral displacement curves at crown for these models are shown in Fig. 12 . From this figure, the ultimate strength of specimen No. 7 (P 7) is 1. 4 times and specimen No. 8 (L 7) is 3. 0 times greater than that of single arch rib. That is, the bracing system which resists the lateral bending of arch ribs (type L) is more effective for increasing the ultimate strength than that (type P) which resists the torsion of arch ribs, even in the arch system with open profile ribs. Since type X is more effective system than type L for resisting the lateral bending, it can be confirmed from Fig. 12 that the type X is the most efficient bracing system. Anyway, it is clear from what mentioned above that the ultimate strength of twin arches is affected considerably by the type of bracing system.
Effect of the braced length ratio The effect of braced length ratio fi on the ultimate strength of arch can be observed by comparing the results of the specimen No. 9 (bracing type X 6) with those of the specimen No. 10 (bracing type X 4 V), because these two specimens are tested under the same condition except the braced length ratio , Q and inevitable initial lateral crookedness. According to the experimental results (Fig. 12) , the ultimate strength of specimen No. 9 (f3=0.75) is 30 % greater than that of specimen No. 10 (l=0.50).
In the case of bracing type X, when we assume that the arch ribs are connected rigidly by the bracing members, the moment inertia of cross section of the twin arch ribs about lateral bending at the braced portion can be determined by Iy=2 Io+2 A (a/2) 2, while at the unbraced portion Iy=2 Io, where Io denotes the moment inertia of cross section of a single arch rib, a is the distance between twin arch ribs and A is the cross sectional area of a single arch rib.
Since the lateral bending stiffness of the twin arch ribs at the braced portion is much larger than that at the unbraced portion, most of the lateral deflection of arch rib are produced by the deformation at the unbraced portion as shown in Fig. 10 . These facts mean that the ultimate strength of the through type arch bridges having unbraced portion are greatly affected by the slenderness ratio of the unbraced portion of arch rib, in other words, the effect of the braced length ratio , 9 is quite significant for the ultimate strength of twin arch models having unbraced portion. (8) Axial force of lateral bracing members Fig. 13 shows the relation between the load and the axial strain of the diagonal and the transverse members located at the end panel of laterally braced portion. In this figure, the circles represent experimental results. The basic feature of the relation is that the axial force of diagonal members increase almost linearly from the beginning of loading and the linearity gradually disappears as the lateral deflection increases. The linear increase in the axial compressive force of diagonal members are not produced by the lateral deformation of the arch but by the shrinkage of the arch rib. Then, in the higher loading stage, the component of shear force produced by lateral displacement of arch ribs is added to the axial force of diagonal members. Since the lateral displacement does not increase proportionally to the load increase, the linearity gradually disappears as lateral deflection increases. That is, the axial compression force of the diagonal member No. 2 decreases and that of the diagonal member No. 1 increases nearly at 40 tons (392 kN) of vertical load as shown in Fig. 13 . On the other hand, the axial force of the transverse member is a tensile force, which is produced by the axial force of the diagonal members. It is important to point out that the axial force of diagonal members produced by the shrinkage of the arch rib is significant for proportioning diagonal members as well as the axial force caused by the design lateral load, that is, the wind load and the seismic load.
Lateral bending strain The vertical load versus lateral bending strain curves for specimen No. 10 (bracing type X 4 V) are shown in Fig. 14 . The strains are measured at the end of arch rib (section 1), at the end of braced region (section 2) and at the crown of arch (section 3). It can be seen that, at the final stage of loading, large lateral bending strains are developed at the springing and the end of the braced region of arch rib in opposite sign each other. The large lateral bending strains correspond to the large lateral curvature of the arch rib. On the contrary, the strain at the arch crown stays in fairly small value, because the braced region displaces due to the rigid body motion and does not deform much. These facts correspond to the results of lateral deflection mode shown in Fig. 10 . From these considerations we can have a suggestion that it is possible to increase the ultimate strength of twin arches having unbraced portion by strengthening the arch ribs in the unbraced portion.
(10) Evaluation of the ultimate strength Fig. 15 shows the experimental results for buckling strength of arch specimens. In this figure, the ultimate strength is represented by the non-dimensionalized average normal stress au/cry=Nu/AQ5 (See 3.
(2)). The slenderness parameter of single arch rib, is defined as follows by assuming the arch as a 
where 6y is the yield point stress of the steel, E stands for Young's modulus, L denotes the curved length of the arch rib, ry is the radius of gyration of arch rib cross section with respect to out-of-plane bending. For the case of tilting load, Ay is reduced by multiplying the additional effective length factor K1=0. 65, which is determined in the previous study and accounts for the effect of tilting load. The slenderness parameter Ay for twin arch specimens, which are braced with double diagonals in combination with transverse bars, are obtained from Ref. 7) which proposes a method to determine the slenderness parameter for arch bridges having closed profile cross section. That is,
where Ke: effective length factor for end condition. Since the lateral deformation of the arch is characterized by the interaction between the lateral deflection and the torsional deformation, it has been expected that the buckling strength of arch member having open cross section is much smaller than the buckling strength of imaginary straight column of which slenderness parameter is given by Eq. (1). But, as can be seen from Fig. 15 , the experimental results for buckling strength of single arch rib except No. 6 have good correspondence to the standard column strength curve. The experimental results of twin arches having X type of bracing system are a little higher than the strength curve. On the other hand, theoretical results coincide comparatively well with the standard column strength curve as shown in Fig. 16 . Judging from these results, it is suggested that the ultimate strength of a single arch member with open cross section subjected to uniformly distributed in-plane load can be approximately predicted by the buckling strength of a clamped-clamped column of length L with the identical cross section.
It is also shown that the ultimate strength of the twin arches specimens having X type of bracing system, can be estimated approximately by the standard column strength curve utilizing the equivalent slenderness parameter for arch bridges proposed in Ref. 7) . Important point is that no regard is paid for the torsional stiffness of the arch system in evaluating the lateral torsional buckling strength. In other words the lateral buckling strength of these arch models can be predicted approximately as flexural buckling of an equivalent straight column.
CONCLUSIONS
The following conclusions can be drawn from this study (2) The ultimate strength of arch models subjected to the tilting hanger load is quite large comparing with the case of the vertical load. The effect of load direction is also very significant for the lateral buckling strength of arch bridges. This stabilizing effect can be well evaluated by the proposed effective length factor K1=0.65 to predict the strength by a column strength formula.
(3)
The ultimate strength of arch models with twin ribs is affected considerably by the type of bracing system. That is, the bracing system which resists the lateral bending of arch ribs is more effective for increasing the ultimate strength than that which resists the torsion of arch ribs. (4) Since the ultimate strength of the arch models having unbraced portion is greatly affected by the slenderness ratio of the unbraced portion of arch rib, the effect of braced length ratio is also very significant for the ultimate strength of twin arches having unbraced portion. (5) The axial force of diagonal members induced by the axial shrinkage of the arch rib is quite significant for proportioning diagonal members as well as the axial force caused by the usual design lateral load. (6) The large lateral bending occurs in the end portions of arch ribs where no lateral bracing is located, while the lateral bending moment of the arch rib in the braced portion is fairly small. It is possible to increase the ultimate strength of twin arches having unbraced portion by strengthening the arch ribs in the unbraced portion. (7) It is shown that the ultimate strength of single rib arches and twin arches with X-type bracing system can be predicted fairly well by the formula for arches with closed cross section proposed by the writers in Ref. 7) . (8) Since the theoretical predictions show good correspondence with the experimental results, the validity of the theory is confirmed. Now, it is ready to carry out parametric studies for the ultimate strength of arch structures with open cross section by the theoretical method presented in Ref. 9 ).
